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Abstract The haloalkane dehalogenase from Sphingomonas
paucimobilis UT26 (LinB) is the enzyme involved in the Q-
hexachlorocyclohexane degradation. This enzyme hydrolyses a
broad range of halogenated aliphatic compounds via an alkyl-
enzyme intermediate. LinB is believed to belong to the family of
K/L-hydrolases which employ a catalytic triad, i.e. nucleophile-
histidine-acid, during the catalytic reaction. The position of the
catalytic triad within the sequence of LinB was probed by a site-
directed mutagenesis. The catalytic triad residues of the
haloalkane dehalogenase LinB are proposed to be D108, H272
and E132. The topological location of the catalytic acid (E132) is
after the L-strand six which corresponds to the location of
catalytic acid in the pancreatic lipase, but not in the haloalkane
dehalogenase of Xanthobacter autotrophicus GJ10 which con-
tains the catalytic acid after the L-strand seven.
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1. Introduction
Haloalkane dehalogenase LinB is the enzyme isolated from
a Q-hexachlorocyclohexane degrading bacterial strain Sphingo-
monas paucimobilis UT26 [1]. This enzyme participates in the
biochemical pathway enabling the microorganism to grow on
Q-hexachlorocyclohexane as the sole carbon and energy source
[2,3]. The LinB enzyme catalyses conversion of 1,3,4,6-tetra-
chloro-1,4-cyclohexadiene to 2,5-dichloro-2,5-cyclohexadiene-
1,4-diol via 2,4,5-trichloro-2,5-cyclohexadien-1-ol. In addition
to cyclic dienes, LinB also converts a broad range of halo-
genated alkanes and alkenes to their corresponding alcohols
[1]. The dehalogenation reaction is catalysed without the re-
quirement of oxygen or any other cofactor.
The broadening substrate speci¢city of LinB could make
this protein of interest for bioremediation purposes. For ex-
ample, neither LinB nor any other dehalogenase known to
date can e⁄ciently catalyse the dehalogenation reaction of
the important pesticides 1,2-dichloropropane and 2-chloro-
propane, which are consequently recalcitrant under aerobic
conditions. The catalysis of 1,2-dichloropropane and 2-chlor-
opropane by hydrolytic dehalogenases is possible from the
point of view of the reaction mechanism as indicated by quan-
titative structure-biodegradability relationships studies [4,5].
Modi¢cation of the geometry and composition of an active
LinB site could possibly lead more e⁄cient binding and cat-
alysis of these chlorinated propanes.
Knowledge of the tertiary structure of a protein is the best
starting point for rational re-design by site-directed mutagen-
esis. The 3D structure of LinB has not been experimentally
determined as yet, but it was predicted by the method of
homology modelling [6] based on its similarity to haloalkane
dehalogenase from the bacterium Xanthobacter autotrophicus
GJ10 (DhlA). The 3D structure of the haloalkane dehalo-
genase from X. autotrophicus GJ10 is known from X-ray crys-
tallography [7]. Haloalkane dehalogenase LinB is expected to
contain a main and cap domain and it presumably belongs to
the family of K/L-hydrolases [8]. All known K/L-hydrolases
have a highly conserved arrangement of their catalytic resi-
dues: nucleophile-histidine-acid.
In order to con¢rm the K,L-hydrolase fold of LinB dehalo-
genase and to validate the homology model for further muta-
genesis studies we introduced several point mutations into its
structure in positions in which catalytic residues were ex-
pected. Here we describe the construction of these mutants
and their characterisation.
2. Materials and methods
2.1. Materials
All chemicals were purchased from Sigma-Aldrich (Milwaukee, WI,
USA). The enzymes used for DNA manipulations were obtained from
Takara Shuzo Co. (Kyoto, Japan). The mutagenesis primers were
obtained from Espec-oligo Service Co. (Tsukuba, Japan). The strain
used in this study is Escherichia coli HB101 [T. Maniatis, E.F. Fritsch,
and J. Sambrook (1982) Molecular Cloning: A Laboratory Manual,
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY].
2.2. Site-directed mutagenesis
Mutagenesis of LinB was performed by using the principle a of LA
PCR in vitro mutagenesis kit (TaKaRa Shuzo Co., Kyoto, Japan),
according to the provided protocol except for using KOD (King of
DNA) polymerase (Toyobo Co., Osaka, Japan) whose ¢delity is very
high. All of the nucleotide sequences of mutants were con¢rmed by
the dideoxy-chain termination method with an automated DNA se-
quencer (LI-COR model 4000L, Aloka Co., Tokyo, Japan).
The oligo nucleotides used are as follows: D108N (5P-GGC GGA
CCC CCA GTT ATG CAC GAC CAG AAC-3P), D108A (5P-GGC
GGA CCC CCA GGC ATG CAC GAC CAG AAC-3P), E132Q (5P-
GGC GAT CGC TTVGVCAT ATA GGC-3P) H272A (5P-CTC
CTG GAT GAA AVGCVGGC GCC TGC GAC-3P), E244Q (5P-
GGC TCC CGG CTG GGC GTT GAT-3P).
2.3. Overexpression of LinB mutants in E. coli
To overproduce LinB mutants in E. coli, plasmids for overexpres-
sion were constructed from pAQN, which has the same structure as
pAQI [9] except for di¡erences in the aqualysin I-coding region. In
these plasmids, linB mutants are transcribed by the tac promoter (P
tac) under the control of laclq.
E. coli HB101 containing these plasmids were cultured in 2 litres of
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Luria broth (LB) without sodium chloride at 30‡C. Cells were har-
vested (10 g of wet weight) after induction with 1 mM isopropyl-L-D-
thiogalactopyranoside (IPTG), washed in 50 mM potassium phos-
phate bu¡er (pH 7.5), and resuspended in the bu¡er (50 mM potas-
sium phosphate bu¡er (pH 7.5) containing 1 mM 2-mercaptoethanol
and 10% glycerol).
2.4. Puri¢cation of LinB mutants
The cells were disrupted by sonication (Soni¢er 250; Branson, Dan-
bury, CT, USA). After centrifugation at 100 000Ug for 1 h, the super-
natant was used as a crude extract. It was further puri¢ed by a
DEAE-Toyopearl 650M column (Tosho, Tokyo, Japan), and a Se-
phacryl S-200 column (Pharmacia, Uppsala, Sweden) with Bio Logic
LP system (Bio-Rad). Fractions at which LinB wild-type protein was
eluted were collected. A major one protein band was observed on
SDS-polyacrylamide gel electrophoresis after two steps of puri¢cation.
The amount of protein was determined by the protein assay kit
(Bio-Rad), with bovine serum albumin as a standard.
2.5. Circular dichroism spectra
Circular dichroism (CD) spectra were measured with a JASCO
J-720 spectropolarimeter at room temperature. The cells used were
1 and 0.1 cm light paths for wavelengths of 250^320 and 190^250
nm, respectively. 0.3^0.4 mg/ml of enzymes in 50 mM potassium
phosphate bu¡er (pH 7.5) were used.
2.6. Michaelis-Menten kinetics
Michaelis-Menten kinetic constants were determined by initial-ve-
locity measurements. Gas chromatography was used for the determi-
nation of the substrate and product concentration. A dehalogenation
reaction was performed in 25 ml Reacti-Flasks closed by Mininert
Valves. 10 ml of glycine bu¡er (pH 8.6) was mixed with seven di¡erent
substrate concentrations. The largest concentration of substrate in 10
ml glycine bu¡er served also as an abiotic control. The reaction mix-
ture was equilibrated for 30 min in a shaking water bath at 37‡C prior
to the reaction initiation. Enzymatic reaction was initiated by adding
100 Wl of the enzyme preparation. The reaction progress was moni-
tored by withdrawing 0.5 ml samples at 0, 20 and 30 min using a
syringe needle to reduce evaporation of the substrate from the reac-
tion mixture. The reaction mixture samples were mixed with 0.5 ml of
methanol to terminate the reaction and directly applied on gas chro-
matography with a £ame ionisation detector (Hewlett Packard 6890).
The capillary column DB-FFAP 30 mU0.25 mmU0.25 Wl (J and W
Scienti¢c) was used for separation. Samples were injected by using a
split technique (split ratio 50:1). The temperature program was iso-
thermal and was dependent on the character of analysed compounds.
Parallel determination of the substrate and product concentration in
the same water-methanol sample was performed for construction of a
calibration curve. KM and kcat values with their standard deviations
were calculated by means of the program Leonora [10] by the method
of least squares with relative weighting.
2.7. Activity measurements
Dehalogenation reaction rates were determined for nine di¡erent
substrates using the method of gas chromatography. A dehalogena-
tion reaction was performed in 25 ml Reacti-Flasks closed by the
Mininert Valves. 10 ml glycine bu¡er and 6.4 Wl of substrate was
equilibrated at 37‡C for 30 min in a shaking water bath prior to
the reaction initiation. Enzymatic reaction was initiated by adding
100 Wl enzyme (the concentrations of wild-type enzyme and mutant
proteins were the same, 0.33 mg/ml). The progress of the reaction was
monitored at 10, 20 and 30 min using the same procedure as described
in Section 2.6. The reaction rates were quanti¢ed by a slope of the
relationship between the product concentration and time. Dehaloge-
nation activity was expressed in percentages, where the rate of reac-
tion of wild-type enzyme is 100% for each substrate.
3. Results
3.1. Construction and puri¢cation of LinB mutants
The catalytic triad in DhlA consists of amino acid residues
Asp-124, His-289 and Asp-260. The corresponding residues in
the homology model of LinB are Asp-108, His-272 and Glu-
132 [6]. The same residues were proposed to act as the cata-
lytic triad in LinB by Krooshof and coworkers [11]. On the
other hand, Fetzner and Lingens [12] suggested that it is the
residue E244 which ful¢ls the role of acid in the catalytic triad
of LinB. Five point mutants were prepared to test these pro-
posals and to identify the catalytic triad in LinB dehaloge-
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Fig. 1. Stereoview of the homology model of haloalkane dehalogenase LinB. The protein backbone and the side-chains of mutated residues are
displayed.
Table 1
Michaelis-Menten constants with standard errors of wild-type haloalkane dehalogenase LinB and its single-point mutants
Wt D108A D108N E132Q E244Q H272A
KM (mM) 0.14 þ 0.007 n.a. 0.30 þ 0.017 n.a. 0.32 þ 0.022 n.a.
kcat (s31) 0.98 þ 0.028 0 0.43 þ 0.010 0 0.35 þ 0.011 0
kcat/KM 8.92 0 1.42 0 1.10 0
n.a., not applicable at 100 mM substrate concentration.
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nase: D108N and D108A (putative nucleophile mutants),
H272A (putative base mutant), E132Q and E244Q (putative
catalytic acid mutant). The position of these residues in the
3D model of LinB is shown in Fig. 1.
The mutants were constructed by the method of site-di-
rected mutagenesis and puri¢ed to homogeneity (Fig. 2).
The integrity of each mutant structure was tested by circular
dichroism spectroscopy. The CD spectra of the wild-type de-
halogenase and its two mutants are shown in Fig. 3. Like the
wild-type dehalogenase, point mutants had the double ellip-
ticity minimum at 210 and 220 nm typical of K-helical con-
tent. The CD spectra of the wild-type and ¢ve mutant pro-
teins are essentially the same indicating that the backbone
polypeptide chain of constructed mutants had a very similar
conformation. It was concluded that the single point substi-
tutions did not disturb the overall structure of the protein
mutants.
3.2. Activities of mutant proteins
The puri¢ed wild-type and mutant enzymes were examined
for their kinetic characteristics. 1-Chlorobutane was selected
as a substrate because it easily undertakes the dehalogenation
reaction by the wild-type enzyme and is often used as a refer-
ence compound for characterisation of the haloalkane deha-
logenases [5]. No activity was observed for the mutant en-
zymes D108A, E132Q and H272A even at very high
substrate concentration (100 mM), while the mutants
D108N and E244Q showed signi¢cant activity Table 1. The
activity of D108N was about 44% and E244Q 36% of the
wild-type enzyme as deduced from the kcat values.
The activity of D108N and E244Q enzymes was determined
with the group of nine di¡erent substrates to test whether the
reduction in activity observed is substrate-dependent. The re-
action rates were quanti¢ed by a slope of the relationship
between the product concentration and time (Fig. 4). The
rates obtained with the mutants are expressed as the percent-
age activity of the wild-type enzyme in Table 2.
The mutant enzyme D108N expressed in an average of 58%
of the activity of the wild-type enzyme and the mutant en-
zyme, while E244Q showed in an average of the 38% activity
of the wild-type enzyme. The decrease in activity of the mu-
tants E244Q and D108N was very similar for di¡erent sub-
strates, with the standard deviation of 7% for D108N and 5%
for E244Q. Activity reduction is independent of the substrates
shape, size or number of their substituents.
4. Discussion
4.1. Identi¢cation of the catalytic triad of LinB
The objective of this work was to identify the catalytic
residues in the haloalkane dehalogenase LinB and to con¢rm
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Fig. 4. Plot of the product concentration versus time for dehaloge-
nation of 1-chlorobutane by wild-type haloalkane dehalogenase
LinB and its mutants D108N and E244Q. The product of this reac-
tion is butanol. Slope of this linear relationship was used for quanti-
¢cation of the enzyme activities.
Table 2
Relative activitiesa of LinB mutants with di¡erent substrates
Substrate D108N % E244Q %
1-Chlorobutane 62 43
1,3-Dibromopropane 64 38
1,3-Dichloropropane 58 44
1-Bromopropane 43 34
1-Bromo-3-chloropropane 63 47
1,2-Dibromopropane 51 32
1-Bromo-2-methylpropane 58 31
1-Bromohexane 60 36
1-Bromocyclohexane 66 39
Average 58 38
S.D. 7 5
aActivities express the percentage of the rates obtained with the wild-
type enzyme.
Fig. 3. Circular dichroism spectra for wavelengths between 190 and
250 nm of wild-type haloalkane dehalogenase LinB and its ¢ve mu-
tants (D108A, D108N, E244Q, H272A, E132Q).
Fig. 2. SDS-polyacrylamide gel electrophoresis of puri¢ed LinB wild
type and its ¢ve mutants. Lanes: 1, molecular mass markers; 2,
LinB (wt); 3, D108A; 4, D108N; 5, E244Q; 6, E132Q; 7, H272A;
8, molecular mass markers.
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the structural fold of this enzyme. The catalytic triad of LinB
was proposed from the model of its structure obtained from
homology modelling. This model was based on the X-ray
structure of the haloalkane dehalogenase from X. autotrophi-
cus GJ10 (DhlA). Two out of three catalytic residues are
conserved in both enzymes, Asp-108 in LinB corresponds to
DhlA nucleophile Asp-124, while His-272 of LinB corre-
sponds to DhlA histidine His-289 (Fig. 5). The amino acid
sequence is strongly conserved in the regions surrounding
these residues [11,13]. The position of the catalytic acid of
LinB is less obvious, and two possible locations were consid-
ered, E132 and E244. Overall, ¢ve di¡erent point mutants of
LinB have been constructed, puri¢ed and tested for activity:
D108N, D108A, E132Q, E244Q and H272A.
The mutants D108A, E132Q and H272A were observed to
be inactive in the dehalogenation experiments. These three
amino acids are essential for the catalytic reaction and pre-
sumably form the catalytic triad of LinB. No activity was
expected either with the mutant D108N. However, approxi-
mately 58% activity of the wild-type enzyme was observed
with this mutant. The mutant enzyme D108N was most prob-
ably reactivated by deamidation yielding the wild-type en-
zyme. The mechanism of deamidation was previously de-
scribed by Priest and coworkers who studied the D124N
nucleophile mutant of the haloalkane dehalogenase DhlA
[14]. Priest suggested that the deamidation is caused by a
direct attack by the activated water molecule on the side-chain
amide carbon of replaced asparagine. This highly nucleophilic
water molecule is located close to the carboxyl moiety of the
nucleophilic catalytic residues and in the wild-type enzyme is
involved in the hydrolytic dehalogenation mechanism. Re-
duced activity indicates that not all enzyme mutants under-
take the deamidation process.
The amino acid E244 was not essential for the LinB activity
and apparently is not the third catalytic amino acid of the
LinB enzyme. The deamination reaction observed with the
D108N mutant is not expected to occur in this mutant since
no nucleophilic water molecule occurs in its surroundings. The
signi¢cant reduction in the dehalogenation activity of the
E244Q mutant, however, suggests that this residue still plays
some important role in the function of LinB. Reduced activ-
ity, which is an average of 38% of the activity of the wild-type
enzyme, is about the same for substrates with di¡erent chain-
length, overall shape and the number of substituents.
4.2. Topological position of the catalytic triad in LinB
The composition of the catalytic residues in DhlA and LinB
is similar to that which is found in serine proteases, lipases,
and several other K/L-hydrolase fold enzymes [8,15]. K,L-Hy-
drolases generally show very little sequence similarity. How-
ever they share the same pattern in the composition of sec-
ondary elements and the same arrangement of the catalytic
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Fig. 5. Topological arrangement of the secondary structure elements in the structure of haloalkane dehalogenase. The di¡erent location of the
catalytic triad residues are given by stars. (Empty stars: catalytic triad of LinB, full stars: catalytic triad of DhlA).
Fig. 6. Proposed reaction mechanism of haloalkane dehalogenase
LinB. A: Nucleophilic attack of A108 on the CK of the alkyl halide,
leading to formation of the covalent alkyl-enzyme intermediate. B:
H272-assisted hydrolysis of the intermediate.
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residues. The order of the catalytic triad in the primary se-
quence of these proteins is nucleophile-histidine-acid. Without
exception, the nucleophile is located at the end of the ¢fth L-
strand and the histidine residue belongs to a loop that follows
L-strand eight of the L-sheet. In all but one K/L-hydrolase, the
catalytic acid comes from a reverse turn following strand sev-
en [8,16]. Schrag and coworkers noted that the acidic residue
in pancreatic lipase ‘migrated’ to a bend one strand closer to
the nucleophile and is positioned after the L-strand six [17].
The authors speculated that the direction of this migration
was from strand seven to strand six rather than the opposite
direction. This proposal was based on the fact that the en-
zymes with the acid after the L-strand six are mammalian
compared to the enzymes with the acid after the L-strand
six which are bacterial, fungal, plant and ¢sh enzymes. The
catalytic acid of the haloalkane dehalogenase from Sphingo-
monas paucimobilis UT26 is located after the L-strand six (Fig.
5). There are at least two other bacterial hydrolases, i.e. halo-
alkane dehalogenase of Rhodococcus rhodochrous NCIMB
13064 [18], and putative haloalkane dehalogenase of Myco-
bacterium tuberculosis H37Rv [13] which has a catalytic acid
located after the L-strand six. The fact that bacterial enzymes
exist also with the catalytic acid located after strand six cre-
ates an uncertainty about the direction of migration.
4.3. Proposal of catalytic mechanism of LinB dehalogenase
The catalytic triad of LinB was identi¢ed within this study.
It is proposed, that the LinB catalyses hydrolytic dehalogena-
tion via the same reaction mechanism as DhlA [15,19,20]. The
putative reaction mechanism of LinB is schematically shown
in Fig. 6. A108 is expected to act as a nucleophile causing
release of the halide ion and formation of an intermediate
ester. A hydrolytic water molecule, which may be located
near the nucleophile, cleaves the covalent ester intermediate.
This water molecule is activated by H272 acting as a base
catalyst prior to hydrolysis. E132 keeps H272 in proper ori-
entation and stabilises a positive charge that develops on his-
tidine imidazole ring during the reaction. Catalytic residues all
together act as an electronic pump by stabilising reaction in-
termediates. In future research we will focus on identi¢cation
of the other amino acids which are located inside the enzyme
active site and could be important in the catalytic reaction and
speci¢city of the haloalkane dehalogenase LinB.
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